Aging and Disease

www.aginganddisease.org

Volume 8, Number 5; 546-557, October 2017
http://dx.doi.org/10.14336/AD.2017.0110

Original Article

Parity History Determines a Systemic Inflammatory Response
to Spread of Ovarian Cancer in Naturally Aged Mice

Ulises Urzual#®*, Carlos Chacon?, Luis Lizama?, Sebastién Sarmiento?!, P & Villalobos?!, Belén
Kroxato!, Katherine Marcelain3®, Mar B-Julieta Gonzalez*

! aboratorio de Gendnica Aplicada, Facultad de Medicina, Universidad de Chile; 2Programa de Virolog &, ICBM;
3Programa de Genéica Humana, ICBM; “Programa de Biolog & Celular y Molecular, ICBM; SDepartamento de
Oncolog & B&ica y Cl mica, Facultad de Medicina, Universidad de Chile, Santiago, Chile.

[Received December 6, 2016; Revised January 6, 2017; Accepted January 10, 2017]

ABSTRACT: Aging intersects with reproductive senescence in women by promoting a systemic low-grade
chronic inflammation that predisposes women to several diseases including ovarian cancer (OC). OC risk at
menopause is significantly modified by parity records during prior fertile life. To date, the combined effects of
age and parity on the systemic inflammation markers that are particularly relevant to OC initiation and
progression at menopause remain largely unknown. Herein, we profiled a panel of circulating cytokines in
multiparous versus virgin C57BL/6 female mice at peri-estropausal age and investigated how cytokine levels were
modulated by intraperitoneal tumor induction in a syngeneic immunocompetent OC mouse model. Serum FSH,
LH and TSH levels increased with age in both groups while prolactin (PRL) was lower in multiparous respect to
virgin mice, a finding previously observed in parous women. Serum CCL2, IL-10, IL-5, IL-4, TNF-a, IL1-B and
IL-12p70 levels increased with age irrespective of parity status, but were specifically reduced following OC tumor
induction only in multiparous mice. Animals developed hemorrhagic ascites and tumor implants in the omental
fat band and other intraperitoneal organs by 12 weeks after induction, with multiparous mice showing a
significantly extended survival. We conclude that previous parity history counteracts aging-associated systemic
inflammation possibly by reducing the immunosuppression that typically allows tumor spread. Results suggest a
partial impairment of the M2 shift in tumor-associated macrophages as well as decreased stimulation of
regulatory B-cells in aged mice. This long term, tumor-concurrent effect of parity on inflammation markers at
menopause would be a contributing factor leading to decreased OC risk.
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Natural aging is concomitant with a systemic low-grade
chronic inflammation that contributes to age-related
morbidity and mortality [1]. It is currently well accepted
that tissue and organ impairment observed with aging is
caused in large part by accumulation of various forms of
molecular and cellular damage including genomic
instability, epigenetic changes, altered proteostasis,
dysregulated nutrient sensing, deficient mitochondrial
function, stem cell depletion and altered intercellular
communication [2].

Unique to women, menopausal hormone imbalances
occurring as a consequence of ovarian decline, seem to
contribute to an altered systemic inflammatory status [3-
5], resulting in an increased susceptibility to several
chronic pathologies such as osteoporosis, metabolic,
cardiovascular and neurodegenerative diseases as well as
-relevant to this study- various types of cancers [6]. The
peri- and post-menopausal stages in women are
characterized by elevated circulating serum levels of
several inflammation-related cytokines including TNF-a,
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IL-6, IL-1pB, IL-8, MCP-1, RANTES, MIP-1qa, IL-2, GM-
CSF, G-CSF, IL-4, IL-10, IL-12 and IL-18 [3, 7-14],
which acting in combination, could lead to the observed
low-grade systemic inflammatory state.

Ovarian cancer (OC) incidence and mortality
significantly increases with age, both parameters reaching
a peak during post-menopause. Elevations of some of the
above mentioned cytokines have been shown a direct
correlation with increased OC risk [15-18], while others
have been linked to reproductive hormones known to be
altered during the menopausal transition. The
gonadotropins follicle stimulating hormone (FSH) and
luteinizing hormone (LH) typically increase at menopause
due to impairment of the hypothalamic-pituitary-gonadal
(HPG) axis and, importantly, have been proposed to play
a role in OC pathogenesis [19]. Extending this link,
plasma levels of the pro-inflammatory cytokines IL-1p,
IL-6 and TNF-a were positively correlated with
circulating FSH in premenopausal women [5]. Similarly,
the C-C motif chemokine ligand 2 (CCL2/MCP-1) was
positively correlated with FSH levels during the early and
late menopausal transition [14]. In female rheumatoid
arthritis patients, short-term fluctuations of both FSH and

Age (months)

LH were positively associated with changes in levels of
TNF-0, IL-1p and other pro-inflammatory cytokines [20].

A major contributing factor to the roles of
menopausal hormone imbalances and the direct effect of
certain cytokines on OC risk and progression in post-
menopausal women, is their reproductive history during
precedent fertile phase [21]. One or more full-term
pregnancies significantly reduces OC risk, while
nulliparity increases the risk [22]. Since an equivalent
extent of OC risk reduction is achieved by progestin-
based oral contraceptives, protection could be the result of
a reduced number of ovulatory cycles concomitant with
increased progesterone (P4) or progestin exposures [23].
Thus, uninterrupted ovulation might play a role in OC
origin through cumulative DNA damage incurred during
the repetitive cycles of wound rupture-repair of the
ovarian surface epithelium [24] while the preventive
actions of P4 (or progestin) could be mediated by an
apoptotic effect [25] or induction of senescence on
transformed ovarian surface cells [26]. Whatever the OC
pro- or anti-oncogenic mechanisms are, they have to be
long-term, i.e. they should develop and persist during cell
and tissue aging.
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Figure 1. Study design and parity records. (A) Two groups of C57BL6 female mice (n=70 per group)
were maintained from 3-20 months old in virgin (nulliparous) or multiparous conditions. A smaller third
group, composed of young adult 4 months old virgin mice (n=6), was used as reference controls in some
assays. Multiparous mice were allowed to breastfeed their pups until 21-days old. Circulating cytokines and
hormones were measured once per month in 3-4 distinct, randomly taken mice aged 15-19 months old.
Tumor induction was initiated at 16 months old (n=8 per condition) with cytokines and hormones measured
similarly. The age scale shown is not proportional. See Methods section for additional details. (B) Chart
corresponds to the total number of litters as a function of age. (C) depicts the distribution of number of
litters per individual mice over the reproductive period, both data-sets for the entire multiparous group.
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With the goal of investigating how parity modulates
chronic, age-related systemic inflammation and how that
modulation contributes to OC risk at menopause, we
herein describe a profile of circulating hormones and
cytokines in multiparous versus virgin C57BL/6 female
mice subjected to tumor induction at peri-estropausal age.
From over 30 cytokines evaluated, seven increased with
age regardless of parity status. The same seven cytokines
decreased only in multiparous mice as a response to tumor
induction with transformed OC syngeneic cells. Both
virgin and multiparous mice developed intraperitoneal
tumors and ascitic fluid, but multiparous animals showed
an extended survival. Our results suggest that parity
supports and extends the host immune response against
intraperitoneal OC tumor spread during menopause.

MATERIALS AND METHODS
Animals and samples collection

Figure 1A summarizes the experimental protocol of this
work. Wild type C57BL/6 mice were housed at Bioterio
Central of Facultad de Medicina, Universidad de Chile.
The animal study, protocol N0536, was approved by the
institutions Comitéde Bioetica. Wild type C57BL/6 mice
were maintained under 12/12 hours’ light/dark schedule
with regular food and water ad libitum. Virgin adult
female mice, 12 weeks old, were randomly assigned to
two experimental groups, virgin and multiparous (n=70
per group). Breeding trios were used for the multiparous
mice; the trio included a fertile adult male mouse of
proven fertility. Virgin mice were housed three females
per cage in the absence of a male. Separate cages with
virgin and with multiparous mice were maintained in
close proximity, sharing the same rack to preserve estrous
cycling in the virgin animals [27]. To evaluate
reproductive aging, the length of estrous cycles was
measured in the virgin group. Estrous cycling was
addressed by fresh vaginal cytology at 10:00 AM during
15 consecutive days in random subsets of six virgin mice
at 4, 15 and 18 months of age [28]. Pups of multiparous
mice were weaned at 21-days old. Diestrous stage blood
samples from four randomly chosen mice of each group,
were collected monthly by submandibular bleeding [29].
The blood collection period for the intact, untreated mice
group was between 15-19 months of age, and for the
tumor-induced mice was between 16-19 months of age.
Blood was incubated at room temperature for 30 min and
centrifuged at 1000g for 5 min. Supernatant sera was
carefully pipetted and stored at -20<€ in 25 ulL aliquots
for further analysis. Control blood samples were collected
and processed similarly from 4 months old female mice at
diestrous stage of cycle.

Tumor induction in a syngeneic mouse model

With the goal of evaluating parity-dependent tumor
progression, spontaneously-transformed mouse ovarian
surface epithelial (MOSE) cells were injected in the
peritoneal cavity of aged mice of both conditions. The IG-
10 clonal line of MOSE cells was kindly provided by Dr
Katherine Roby (UKMC, Kansas). Cells were cultured in
DMEM supplemented with ITS (Sigma-Aldrich, MO)
under 5% CO, atmosphere [30]. When cultures reached
90% confluency, cells were released with trypsin,
centrifuged at low speed and suspended in a minimal
volume of HBSS solution (Sigma-Aldrich, MO). An
aliquot was diluted and counted with a hemocytometer. A
suspension volume containing 5x108 cells was injected
intraperitoneally with a tuberculin syringe to 16 months-
old multiparous (n=8) and virgin (n=7) mice. One month
earlier, males were removed from the multiparous mice
cages. A set of control mice (n=4) was injected with
HBSS vehicle solution. Animals were monitored once per
week after injection. Sera samples were obtained from all
animals two weeks after the injection and then monthly
until death. Upon initial signs of ascitic fluid
accumulation evaluated by abdominal enlargement, mice
were supervised daily. Euthanasia by cervical dislocation
was conducted according to signs of stress and affliction
described by Morton and Griffiths [31]. Immediately
upon death, blood samples and ascitic fluid were collected
and processed for further analysis. Volumes of
hemorrhagic ascitic fluid were measured (range 2-9 mL),
clarified by centrifugation at 1,000g for 10 min, and stored
at -20<€€ in 0.5 mL aliquots. Intraperitoneal tumor loads
were graded and scored as described by Roby et al [30].

Circulating pituitary hormones and cytokines

Hormones and cytokines were quantified in serum using
multiplex, magnetic bead-based Luminex® XxXMAP®
assays manufactured by Milliplex® (Merck, USA).
Specifically, the serum pituitary hormones FSH, LH, TSH
and prolactin (PRL) were measured with the MPTMAG-
49K panel and cytokines CCL2, IL-10, IL-5, IL-4, TNF-
a, IL-1b, 1L-12p70 and CXCL10 were quantified with the
MCYTMAG-70K-PX32 panel. Assay methods were
followed as indicated by the supplier. Prior to each assay,
test samples were randomized and their identities were
blind to the operators. In brief, serum samples were either
used directly (10 uL; MPTMAG-49K kit) or diluted with
an equal volume of assay buffer (25uL; MCYTMAG-
TO0K-PX32 kit). Samples were loaded to the plate along
with controls and standards provided with the kits. Then,
25 uL of the Pre-mixed Beads mixture were added to each
well, the plate was sealed, covered with foil and incubated
overnight in a shaker at 4<C. The entire content of wells
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was gently discarded. Plate was washed twice, 25-50 uL
of Detection Antibodies solution were added and
incubated 1 hr at room temperature with shaking. Then,
25-50 pL of Streptavidin-Phycoerythrin solution were
added and incubated further 30 min at room temperature.
The entire content of wells was gently discarded and
washed twice. Finally, 100-150 uL of Sheath Fluid were
added to each well and beads resuspended by shaking for
5 min. Median fluorescence intensity (MFI) of beads was
read in a Luminex 200™ instrument (Luminex Corp.,
USA) operated through the xPONENT 3.1 software. Data
processing was conducted with the Milliplex Analyst
3.5.5.0 software (Merck, USA) using the 5-parameter
logistic curve.

Statistics

Hormone and cytokine results are plotted as mean =+
standard error of the mean. Since data was not distributed
normally, the Kruskal-Wallis test was used to compare
non-paired data among young and aged groups. The
Dunn's post test was applied for comparisons among these
3 conditions. The two tumor-induced, aged groups were
separately compared with a Mann-Whitney U test.
Significance was set at p<0.05. Analysis was performed
with the GraphPad Prism 5.0 software.

RESULTS

Parity records, estrous cycling and pituitary hormone
levels

For the parous group composed of 70 mice, a total of 202
litters were recorded. Seven (7) mice never had litters and
were thus excluded from the study. This resulted in a
mean of 3.2 litters per mouse. As shown in the histogram
of Figure 1B, the maximum reproductive yield was
observed at 6 months of age, and 95% of the litters were
delivered before the age of 12 months. The number of
litters, as a function of age, was consistent with a Gaussian
distribution as indicated by three normality tests (not
shown). Individual reproductive rates showed that 47.6%
of mice had 1-2 litters, while another 46.0% had 3-6 litters
(Fig. 1C). The mean length of estrous cycles increased
from 4.6 days at four months of age, to 9.7 days in 15-18
months-old mice, a result that indicated reproductive
senescence in the animals to be studied. The mean serum
levels of FSH, LH, TSH and prolactin (PRL) in mice aged
15-19 months are shown in Figure 2. FSH, LH and TSH
were significantly increased in aged versus young mice,
regardless of parity history. PRL levels were unchanged
between young and aged virgin mice, but were
significantly lower in the aged multiparous group.
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Figure 2. Circulating pituitary hormones in aged mice.
Serum levels of the indicated hormones were measured monthly
in 4 randomly chosen female mice 15-19 months old. The
reference group, was 4 months old young adults (n=6) was. Bars
represent mean with SEM corresponding to the above-
mentioned time period. (*) p<0.05, (**) p<0.01, (***) p<0.005,
(8 0.05<p<0.10. Further details in Methods.

Parity-dependent cytokine profiles

Two predominant patterns of circulating cytokine levels
were observed in aged mice: those increased with age
regardless of parity -and then specifically altered in
response to intraperitoneal tumor induction (Fig. 3), and
those differing as a sole result of parity (manuscript in
preparation). CCL2, IL10, IL5, IL4, TNF-a, IL1-beta and
IL12p70 belong to the first pattern. TNF-a, IL1-B and 114
were significantly increased in aged multiparous mice
relative to young mice, and the same tendency was
observed in the aged virgin group (TNF-o p=0.057; 1L1-
beta p=0.067; IL4 p=0.024, unpaired t-test with Welch's
correction). CXCL10 was distinctive in that no significant
increase was observed with age but its parity-dependent
tumor response was in the opposite direction with respect
to the other cytokines. IL12p70 increased in both groups
of aged mice relative to young mice, but their level
variations upon tumor response did not reach significance.
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Figure 3. Circulating cytokines in control and tumor-induced aged mice. Serum levels of the indicated cytokines
were measured monthly from 15-19 months old in 3-4 randomly chosen female mice per group. Cytokines in the
tumor-induced conditions (dashed bars, n=8 per group) were measured from the time of injection (16 months old)
until time of death (19-19.5 months old). The young adult reference group (n=6) was 4 months old. Bars represent
the mean with SEM corresponding to the above-mentioned time periods. (*) p<0.05, (**) p<0.01, (***) p<0.005,

(8 0.05<p<0.10. Further details in Methods.

Cytokine profiles and host survival after intraperitoneal
tumor induction

Spontaneously-transformed MOSE cells have been
widely used as a syngeneic model of OC to study various
disease aspects including intraperitoneal tumor
dissemination and therapeutic approaches. Here,
circulating cytokine levels in both virgin and multiparous
mice during tumor progression are shown as dashed bars
in Figure 3. As judged by abdominal enlargement in most
cases, ascitic fluid started to accumulate 7-12 days before
death, consistent with description provided by Roby et al.,
who developed this model in young adult mice [30].
Typically, abundant tumor implants were located in the
omental fat band. Implants of smaller size were found in
the diaphragm, mesenterium and the pelvic region next to
ovaries/oviducts and uterine horns (Fig. 4A). Median
survival times were 87 days (range 72-98) for virgin mice
and 98 days (range 87-112) for multiparous mice.

Survival curves were significantly different as determined
by two tests (p=0.041, log-rank test; p=0.038, Gehan-
Breslow-Wilcoxon Test). Figure 4B shows survival plots.
The ascitic fluid volume, tumor load, and percentage of
ascitic fluid with respect to body weight at time of death,
were not statistically different between conditions.

DISCUSSION

Natural ovarian decline is associated with hormone and
inflammatory changes that overlap with those occurring
as a consequence of aging in women. In addition, as
suggested from epidemiological data in various
populations, periods of suppressed ovulation plus P4 (or
progestin) exposure over woman's fertility span are major
determinants of OC risk later in menopause [23]. We have
approached this subject by wusing a syngeneic
immunocompetent OC mouse model maintained under
divergent host reproductive conditions (virgin and
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multiparous) until the peri-estropausal age. Using mouse
to study age-associated cancer immunomodulation is
supported by recent findings suggesting that the age-
dependent evolution (adult, mature, old and long lived) of
immune functions such as chemotaxis, phagocytosis,
natural killer activity and lymphoproliferation is similar
between humans and mice of equivalent chronological
ages [32]. Estrous cycle lengthening and increased serum
levels of the gonadotropins FSH and LH observed by > 15

months-old in aged mice, were indicative of ovarian
senescence and a declining control of the HPG axis. Since
gonadotropins in aged animals were higher than in young,
but lower than in ovariectomized mice (data not shown),
mice of the age range studied in the present work would
be equivalent to a human in late menopausal transition or
early post-menopause [33].
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Figure 4. Tumor spread and survival of host aged mice. (A) Demonstrative image of intraperitoneal tumor implants
formed in a 19 months-old virgin C57BL6 female mouse injected with MOSE cells. Tumor implants in the omental fat
band are shown pulled-out with clamps. (B) Survival plots of virgin and multiparous aged mice injected with 1G-10 MOSE
cells; day O corresponds to 16.1 +0.3 months of age for the two groups. Median survivals were 98 and 87 days for the
multiparous and virgin groups, respectively. The p value of log-rank (Mantel-Cox) is shown. Both the log-rank and the
Gehan-Breslow-Wilcoxon (p=0.038) tests were performed in GraphPad Prism 5 with 95% CI of 0.7638-1.489 for ratios of

survival.

Of interest was the significantly reduced PRL level in
aged multiparous mice relative to aged virgin mice, a
finding consistent with low PRL levels reported in parous
women and in those taking oral contraceptives [34],
factors known to decrease OC risk. PRL exerts pleiotropic
metabolic and growth-like effects in various target tissues.
In rodents, PRL is synthesized exclusively by the pituitary
while in humans it is also produced by several tissues,
most interestingly, immune B and T cells. The PRL
profile during both the reproductive cycle and pregnancy
differs between human and rodents. Besides its function
in lactogenesis, PRL plays a luteotropic role in mice to
maintain pregnancy [35]. Importantly, the first pregnancy
in women induces a decrease of basal and stimulated PRL
levels compared to nulliparous controls [36]. This effect
has been replicated in rats and is linked to a decreased
oxidative burst, enhanced phagocytic ability, as well as

production of nitric oxide and TNF-o by peritoneal
macrophages in multiparous animals [37, 38]. Increasing
evidence involves elevated PRL levels in the pathogenesis
of certain autoimmune diseases [39]. PRL has been
recently proposed to impair the tumor-suppressive
function of BRCA1 by downregulating expression of the
cell cycle inhibitor p21 in cancer cell lines [40]. We also
observed higher TSH levels in both aged mice groups
regardless of parity history. Though normal serum TSH
values have not been clearly defined in the elderly [41],
TSH levels increase with age in humans [42] leading to an
apparent sub-clinical hypothyroid condition which has
been linked to the risk of atherosclerosis [43], among
other chronic diseases.

From a total of 30 circulating cytokines measured in
aged female mice in this study, 14 cytokines showed
parity-dependent differential serum levels. Figure 3
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shows a set of seven cytokines that increased with age,
regardless of parity, and decreased in response to tumor
induction only in multiparous mice. Notably, this pattern
observed in multiparous animals was correlated with a
significantly increased survival (Fig. 4B), suggesting that
OC risk reduction associated with parity might involve a
particular ability of the senescent immune system of
parous mice to react better against the tumor challenge.
An exception to this pattern was the chemokine CXCL10,
which did not increase significantly with age but exhibited
a unique and significant increase in multiparous mice
upon tumor induction. A second major pattern included
cytokines higher in intact multiparous mice as a sole result
of parity (manuscript in preparation). As previously
described in young adult mice [30], the MOSE cells used
in this study induced ascitic fluid accumulation and
extensive peritoneal carcinomatosis, mostly in the
omental fat band of aged animals (Fig. 4A), both
characteristics frequently observed in human OC [44].

Among these cytokines, we detected CCL2 (MCP-1)
which participates in monocyte recruitment and tissue
infiltration, with  subsequent differentiation to
macrophages. In agreement with the present results in
mice, in women CCL2 increased during late menopausal
transition showing a positive correlation with FSH [14].
CCL2 expression by luteal cells during corpus luteum
(CL) regression enhances macrophage infiltration, a
process that seems to be reversed by local P4 and
luteotrophic prostaglandin E [45]. Only in multiparous
aged mice, e.g., animals exposed to P4 during pregnancies
early in life, did our results show lower CCL2 levels in
response to tumor induction (Fig. 3). This tumor invasion-
dependent decrease of CCL2 at estropause might
represent a long-term effect of P4 on infiltration of tumor-
associated macrophages (TAMs) during peritoneal tumor
spread in this model. In agreement with our results, parity
significantly reduced omental monocyte subsets and B1-
B lymphocytes in the MOSE model at middle age, with
concomitant decreased expression of various chemokines
and polarization factors including CCL2 [46]. In other
tissue contexts, recent reports indicate that progestin
suppressed TNF-a induced proliferation and CCL2
secretion of endometrial stromal cells in vitro [47], while
P4 prevented macrophage infiltration to brain endothelial
cells by blocking CCL2 action after an ischemic stroke
[48]. Importantly, high CCL2 levels have been reported in
the ascitic fluid of OC patients [49].

In the present study, the Th2-class cytokines IL-10,
IL-5 and IL4 were also decreased in response to the tumor
challenge, but only in multiparous mice. Thl and Th2
represent two CD4+ T-cells subsets each expressing a
distinctive cytokine repertoire. Thl cells are involved in
cell-mediated immunity, whereas Th2 cells participate in
the humoral immune response. The normal Thl/Th2

balance becomes altered with aging [50, 51] and during
pregnancy [52]. Consistent with our results in aged mice,
serum IL-10 and IL-4 increased at menopause [10, 13],
whereas IL-5 has not yet been linked to women'’s
reproductive aging. Thl and Th2 responses typically
involve macrophage differentiation towards the M1 and
M2 polarized phenotypes. The M2 shift observed in a
subset of TAMs was characterized by high IL-10
expression leading to immunosuppression and subsequent
tumor promotion [53]. Furthermore, OC stem cells
promoted in vitro M2 polarization of raw 264.7
macrophages through the PPARY/NF-«B pathway [54]. In
our model, as the age-induced IL-10 increase was
reversed only in multiparous mice exposed to tumorigenic

cells, we suggest that parity counteracts tumor
immunosuppression by partially repressing M2
polarization of TAMs.

Mediated by pregnancy hormones, the immune
system undergoes adaptive changes to tolerate the fetus
[55, 56]. Among these, mature B-cells accumulate in bone
marrow, in lymph nodes draining the uterus and in the
peritoneum of pregnant mice [57]. Both progesterone and
estradiol repress IL-10 expression in a subpopulation of
splenic B-cells during mouse pregnancy [58]. IL-10 is a
major effector of B-cell immune regulatory properties
[59], and has been recently implicated in the weak
antitumor immunity observed in OC [60]. In contrast to
the effect of IL-10 on B cells, a Th2 shift mediated by
transient high IL-4 levels during initial stages of human
pregnancy contributes to fetal tolerance and survival [52].
Interestingly, given that IL-4 receptors (IL-4R) are highly
expressed in OC and other neoplasia, the IL-4/IL-4R pair
has been attempted as a target for OC immunotherapy
[61]. Because the age-dependent high levels of IL-10, IL-
4 and IL-5 were subsequently decreased by tumor
induction only in multiparous mice in the present model,
we suggest that parity during fertile life might improve
antitumor immunity in aged mouse challenged with
tumor-inducing cells. In other words, in contrast to aged
virgin mice which seem to be unresponsive to OC tumor
invasion, the immune system of an aged multiparous
mouse would be less tumor tolerant and able to better
suppress OC growth. The question then becomes, which
of the variables we have noted in multiparous versus
virgin aged mice would be responsible for this protection?
We have evidence for at least two converging
mechanisms that could be in operation: impairment of the
M2 macrophage shift and decreased stimulation of
regulatory B-cells.

Similar to IL-10, the pro-inflammatory M1-type
cytokines TNF-a and IL-1beta have both been shown to
increase with age in women thus contributing to the
systemic low-grade chronic inflammation status [11, 62].
TNF-o is produced mainly by activated macrophages,
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monocytes and lymphocytes, and participates in multiple
normal physiological responses as well as pathogenic
processes [63]. In the present study, the levels of TNF-q,
IL1-p and IL12p70 increased in both aged groups
irrespective of parity, and decreased as a response to
tumor spread only in the parous group, in a similar fashion
as observed for the M2-type cytokines (Fig. 3). Consistent
with this, it was recently shown that a decreased level of
TNF-o transcript is associated with parity in epithelial
ovarian carcinomas [64]. Indeed, elevated TNF-a levels
are associated to increased OC risk [16], while the
combination of high TNF-a plus high IL-6 levels in ascitic
fluid at primary surgery are predictors of rapid relapse in
patients with epithelial OC [65]. Furthermore, the
constitutive TNF-a expression by OC cells in vitro
induces an autocrine network of additional cytokines
including CCL2 [66]. Such links between TNF-o and
CCL2 appear early during the fertility cycle in women,
where TNF-a expression peaks in the regressing CL and
correlates with CCL2 expression, despite the fact that it
does not impair steroidogenesis in lutein-granulosa cells
[45].

Monocytes, macrophages, dendritic cells and brain
microglia are the major sources of IL1-B [67]. This
cytokine plays diverse roles in reproductive ovarian
function [68] and is found increased at post-menopause
[9]. IL1-B promotes tumor invasion and angiogenesis
while it depresses antitumor immunity [69]. As age-
dependent increased IL1-B levels in the present study
were reduced by tumor induction only in multiparous
mice, we propose that long-term parity counteracts tumor
spread by reducing angiogenesis and relieving immune
suppression by the host tissue. Interestingly, FSH levels
at pre-menopause were positively correlated with
circulating IL-1B, IL-6 and TNF-a levels, while isolated
mononuclear cells secreted these three cytokines upon
exposure to exogenous FSH [5]. Given that FSH receptor
expression has been also detected in osteoclasts [70],
extragonadal tissue [71] and some genitourinary tumors
[72], it seems feasible that the crosstalk between systemic
FSH and cytokines including IL-1f3, IL-6 and TNF-a
might contribute to the pro-inflammatory status at post-
menopause.

Finally, the pro-inflammatory cytokine IL-12p70 also
followed the above described pattern. This is a M1-type
heterodimeric cytokine composed of p35 and p40 kDa
subunits coded by different genes. IL-12p70 is produced
mostly by antigen-presenting cells such as macrophages
and dendritic cells. It exerts an immune-stimulatory role
on NK cells and promotes differentiation of naive CD4+
T lymphocytes into Thl cells that produce IFN-y and
TNF-a as part of the innate and adaptive immune
responses against endogenous damage [73]. Importantly,
IL-12p70 was increased at menopause [11] and the level

of p40 subunit was positively associated with parity [8].
As a potential cancer therapy, IL-12p70 reversed the
immunosuppressive  phenotype of tumor-associated
macrophages in a subcutaneous murine model, with
concomitant reduced synthesis of CCL2 and IL-10 [74].
In other work, reduction of omental tumors was observed
in response to MOSE cells constitutively expressing
membrane-bound IL-12p35p40 [75]. In both cases, IL-
12p70 expression was effective only in a localized tumor
microenvironment since its systemic administration
caused toxicity [76]. IL-12p70 induced IFN-y production,
in turn, induces synthesis of the chemokine CXCL10 (IP-
10; 10kD interferon y-induced protein), which was the
only cytokine that increased in multiparous mice in
response to tumor induction. Thus, the divergent patterns
of IL-12p70 and CXCL10 in our data appeared seemingly
inconsistent. CXCL10 is chemotactic for monocytes and
T-cells, and has both pro-apoptotic capacity and
angiostatic properties against VEGF action, thereby
acting as an antitumor agent [77].

An important aspect to consider in the present study,
is that the levels of cytokines measured somehow reflect
the near-senescent state of diverse tissues and organs of
aged mice. Among various features, cellular senescence is
characterized by secretion of a particular set of cytokines,
chemokines, proteases and cell-matrix remodeling factors
collectively known as the “senescence-associated
secretory phenotype” (SASP) [78]. However, the relative
contributions of each organ/tissue to the pool of
circulating cytokines are difficult to estimate. Lastly, a
further consequence of the SASP is that senescent tissues
become infiltrated with immune cells. As an example,
various morphological types of macrophages have been
detected in the stroma of the aged mouse ovary in relation
to follicle atresia, non-heme iron accumulation, presence
of ceroid/lipofuscin and fibrosis [79, 80].

Conclusions

Elevated serum gonadotropin levels and an extended
length of estrous cycle indicated a peri-estropausal state
in mice of both study groups >15 months old. PRL levels
were lowest in multiparous mice, a finding also reported
in multiparous women, and linked to decreased OC risk.
Circulating levels of CCL2, IL10, IL5, IL4, TNF-a, IL1b
and 1L12p70 increased with age regardless of parity
history, thus confirming a low-grade chronic
inflammatory condition in all peri-estropausal female
mice irrespective of parity. Importantly, the levels of these
cytokines were significantly reduced in response to tumor
induction only in the multiparous animals, suggesting that
the drop in these cytokines levels was somehow
associated with OC protection. CCL2, IL-10, IL-5and IL-
4 are typically implicated in M2 macrophage polarization,
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whereas TNF-o, IL1b and IL12p70 participate in M1
polarization. Similar to the human pattern, exogenous
syngeneic tumorigenic MOSE cells formed tumor
implants spreading across the peritoneal cavity
predominantly in the omentum. Survival of multiparous
mice was significantly longer than nulliparous ones,
suggesting that parity would play a favorable prognostic
role. We conclude that, in response to intraperitoneal
tumor spread, multiparity partially reverts age-associated
systemic inflammation while reducing immune-
suppression against OC, i.e, past parity would improve the
immune response against the tumor. A decrease of M2
polarization of tumor-associated macrophages, plus a
reduced stimulation of regulatory B-cells might be
important aspects of this effect, at least in the present
mouse model. Further studies are needed to define how
the studied cytokines modulate biological responses at the
gene expression level in their multiple targets, and in
senescent tissues as well as in tumor cells and their
associated cellular  microenvironments. To our
knowledge, this is the first report describing a long-term
effect of pregnancy on age-associated chronic
inflammation relevant to OC in an animal model.
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